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The expansion of high-speed communication needs due to explosive growth of
subscribers each year has led the researchers to design the next generation
communication systems which can cope with the current growing demand. Millimeter
waves, operated within the range of 30 GHz to 300 GHz, can become potential carrier for
delivering large amount of data. However, in hospital scenarios, these radio waves are
subjected to strict regulations due to direct impact on patients’ health as well as high
interference with other medical devices which again imposes critical challenge on patients.
Thus, it is a challenge for the researchers to provide communication/broadband services
for transmission of such sensitive biomedical sensor data in hospitals locations. Radio over
Free space (Ro-FSO) systems may become the attractive solution to deliver millimeter
waves over free space link with high speed. Further, to expand the capacity of Ro-FSO
systems, mode division multiplexing (MDM) plays a vital role in addition to wavelength
division multiplexing (WDM) scheme. In this work, we have demonstrated the MDM-WDM
scheme to deliver four channels with each one having the capacity of 10 Gbps up-
converted to 40 GHz over FSO link which is suitable for providing broadband and
communication services within the hospital premises. Moreover, the proposed WDM-
MDM-Ro-FSO link is evaluated under different fog conditions.
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INTRODUCTION

The demand of wireless communication has increased rapidly since last decade which led to the
development of optical wireless communication systems. International Telecom Union (ITU) [1]
reported that the total number of mobile broadband subscribers increases every year by 20% that
crossed four billion by the end of 2017. This growth further levitates the challenges for ITU to assign
radio frequency (RF) spectrum for different cellular operators, both in rural and urban areas.
However, in hospital scenarios it is not always feasible to provide broadband services due to
interference of radio signals with sensitive medical appliances as well as having high impact on
patients’ health [2]. Thus, the use of radio waves is prohibited in hospital locations. However,
broadband services are necessary in hospitals to transmit valuable data such as patients’monitoring
reports from one location to another. Not only this, with high-speed broadband services doctors can
connect with one another at any time and access the medical data bases from any location. This
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potential usage of broadband services further posits a big
challenge for broadband providers to provide in the hospitals
without compromising the health of patients. Ro-FSO or radio
over free space can provide broadband services in hospitals as it
integrates radio and optical networks as shown in Figure 1.

Ro-FSO permits the multiple transmission of RF signals
without any expensive optical fiber infrastructure as well as
license to RF operators [3]. Also, as data transmission in Ro-
FSO is in the form of light signals which has no impact on patients’
health as well as no interference with the medical devices, it
becomes an attractive solution for providing broadband services
in hospitals. Moreover, in hospital areas, it is not feasible to dig for
installing optical fiber cables due to need of continuous working
operations and less space, thus Ro-FSO becoming an apt substitute
for replacing the optical fiber infrastructures. It also combines RoF
or radio over fiber and FSO or free space optics. RoF allows sharing
of various expensive RF operations like up-conversion and down-
conversion, handoff, switching, etc. from central location to all the
base stations which results in reduction of deployment cost [4].
Moreover, it can share large-bandwidth RF signals with low
attenuation and power consumption. Whereas, FSO does not
use optical fibers. Instead, it enables atmospheric data
transmission with rapid adoption [5, 6]. Also, in contrast to RF
transmission, it does not need any license. These combined
features of RoF and FSO make Ro-FSO a compatible
technology for providing broadband services in hospitals.
Therefore, Ro-FSO is a relevant technology for seamless, rapid
and cost-effective integration with RF wireless networks [7, 8].
However, Ro-FSO faces challenges of atmospheric turbulences
such as scintillations, fog, rain, snow, etc. affecting the signal to
noise ratio [9]. These atmospheric turbulences increase attenuation
in the transmission path which results in shutdown of the network.
Thus, researchers should consider these turbulences while
designing the Ro-FSO network. Another emerging technology is
MDM or mode division multiplexing that transmits through
multiple channels using different modes. Apart from
wavelength [10], polarization [11] and time [12] multiplexing

schemes, MDM enables multimode data transmission by
multiplexing through a single optical channel. In MDM, modes
can be excited through various mechanisms such as spatial light
modulators [13], offset launch [14], high-speed VCSEL arrays [15]
and photonic crystal fibers (PCF) [16]. Researchers have used four
OAM beams (1 � ±1 and 1 � ±3) to transmit 400 Gbps data
through an FSO link of 120 m in 2016 [17]; MDM-OFDM scheme
to transmit 80 Gbps data through an FSO link of 50 km in 2017 [7];
and MDM-based polarisation phase shift key scheme to transmit
80 Gbps data through an FSO link of 90 km in 2020 [18].
Researchers have also proposed hybrid multiplexing-based
multi-channel communication systems including wavelength
division multiplexing (WDM)-MDM [19], Optical code division
multiplexing (OCDMA)-MDM [20] and WDM-PDM [21].
Combining MDM with WDM can increase aggregate capacity
and improve spectral efficiency of Ro-FSO infrastructures which
has potential application in hospital infrastructures. In this work,
we have demonstrated Ro-FSO topology specially designed for
medical locations by incorporating the WDM-MDM scheme
which can transmit four channels with the each one having
capacity of 10 Gbps up-converted to 40 GHz radio signal each
over FSO link.

MDM-RO-FSO MODELING

The schematic diagram of the proposed MDM-Ro-FSO is shown
in Figure 2. Four channels are transmitted by using the hybrid
WDM-MDM scheme. For the WDM scheme, two wavelengths
(850 nm and 851 nm), each with 1 nm channel space, are used.
The MDM scheme uses modal multiplexing of LG (Laguerre
Gaussian) 00 and HG (Hermite Gaussian) 00. As shown in
Figure 2, first and second channels are operated on LG 00
and HG 00 modes respectively with the wavelength of 850 nm
while third and fourth channels are operated on LG 00 and HG 00
modes respectively with the wavelength of 851 nm. LG and HG
modes are described by following Eq. 1 and Eq. 2 [22]:

FIGURE 1 | Ro-FSO system in Hospital Infrastructure.
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The above equation contains the azimuthal index (X) represented
by m and the radial index (Y) represented by n. Curvature radius
is represented by Ro, spot size by wo and the Laguerre Polynomial
by Ln, m.
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In the above equation, the X and Y indexes represent mode
dependencies on their axes denoted bym and n, respectively. The
radius of curvature is denoted by Ro and wo is the spot size.
Hermite polynomials are denoted by Hm and Hn.

Each channel has a non-return to zero (NRZ) data of 10 Gbps
mixed with 40 GHz mm wave generated by sine generator with
the help of mixer for the process of up-conversion. This
40 GHz mm wave is modulated over optical carrier by using
Machzehnder modulator (MZM) derived from spatial
continuous wavelength laser. The schematic diagram of MZM
modulator is shown in Figure 3. The working principle of MZM
modulatorof MZM modulator is given by the following
equation [23]:

Eout(t) � Ein(t).cos(Δθ(t) × exp(j.ΔΦ(t)) (3)

where Eout (t) is the electrical field at output port of modulator, Ein
(t) is the electrical field at input port of modulator, phase
difference between two branches are represented byΔθ(t)
which can be further represented as:

Δθ(t) � Π
2
× (0.5 − ER × (Modulation(t) − 0.5)) (4)

where Modulation (t) is the electrical input signal.
In the above equation, the term ER can be defined as:

ER � 1 − 4
Π × arctan( 1������

extract
√ ) (5)

where extract is the extinction factor which is set to be 30 dB.
Similarly, signal phase change is defined as:

ΔΦ(t) � SC × Δθ(t) × 1 + SF
1 − SF

(6)

where the value of SC is 1 if the negative chirp value is enabled;
otherwise, it will be -1 and SF is the symmetry factor.

The output of optical modulator is combined with the output
of three modulators from different channels and transmitted over
FSO link followed by optical amplifier with a gain of 16 dB. The
link can be defined by the following equation [24]:

PReceived � PTransmitted
d2R

(dT + θR)210
αR/10 (7)

FIGURE 2 | Proposed 4 x 10 Gbps Ro-FSO Link.

FIGURE 3 | Schematic model of MZM modulator.
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The equation above represents receiver aperture diameter
(dR), transmitter aperture diameter (dT ), beam divergence (θ),
range (R) and atmospheric attenuation (α). Gamma
distribution model is used to model the atmospheric
fading. The probability of given intensity (I) is described
in the following equation [25]:

P(I) � 2(α.β)(α+β)/2
Γ(α)Γ(β) I((α+β)/2)−1Kα−β(2 ����

α.β.I
√

(8)

In the above equation, small-scale eddies are represented
by1/α, large-scale eddies are represented by 1/β, Γ(...)is the
Gamma function and Kα−βis the modified Bessel function of
second kind. α and β can be derived mathematically as shown
in Eq. 9 and Eq. 10:

α � exp⎡⎣ 0.49σ2
R(1 + 1.11σ12/5
R )5/6⎤⎦ − 1 (9)

β � exp⎡⎣ 0.51σ2
R(1 + 0.69σ12/5R )5/6⎤⎦ − 1 (10)

where σ2R is the Rytov variance which can be calculated from the
following equation:

σ2R � 1.23C2
nk

7/6z11/6 (11)

where C2
n is the index refraction structure, k is the optical

wavenumber and z is the range.
Atmospheric attenuation for FSO link is considered as 0.14 dB/km

in clear weather, 12 dB/km in low fog, 16 dB/km in medium fog and
22 dB/km in heavy fog [26, 27]. A splitter is used to split the FSOoutput

TABLE 1 | Key parameters.

Item Parameter Value

PRBS Data rate 10 Gbps
Sine generator RF carrier 40 GHz
Spatial laser Wavelength 850 and 851 nm

Power 0 dBm
Linewidth 10 MHz

Machzhender modulator Extinction ratio 30 dB
Symmetry factor 1

FSO link Transmitter aperture diameter 10 cm
Receiver aperture diameter 20 cm
Beam divergence 2 μrad

Spatial APD photo diode Width 10 μm
Responsivity 1.2 A/W
Gain 3
Dark current 10 nA
Responsivity 1 A/W
Thermal noise power spectral density 100e-024 W/Hz
Ionization ratio 0.9

FIGURE 4 | Measurement of BER (A) Channels 1 and 2 (B) Channels 3 and 4.
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into four receivers. Each receiver consists of a mode selector which
selects the particular mode and wavelength. APD or avalanche photo
diode is used for converting the optical signal to an electrical signal.

The shot noise and thermal noise is enabled in the APD
whereas other background noises are assumed to be ideal in this
work. After 40 GHz is mixed for the down-conversion process,
the original baseband signal is recovered by using low pass filter.

The other key parameters are mentioned in Table 1.

RESULTS AND DISCUSSION

The modeling of the proposed MDM-Ro-FSO model is done
in OptiSystem™ software due to its accuracy. In this section,

results obtained from the modeling are presented and
discussed. First, Ro-FSO link is operated in clear weather
conditions which mean no atmospheric turbulences are
considered. The BER or bit error rate for all channels is
measured as shown in Figure 4. At the distance of 1,200 m,
the BER value for Channel 1 transmitted by using LG mode at
850 nm wavelength is computed as 10−7 whereas for Channel
2, which is transmitted by using HG 00 mode, it is computed
as 10−5.

The result shows that HG mode is slightly more attenuated in
FSO link as compared to LGmode. Similarly, the value of BER for
Channel 3 transmitted by using LG 00 mode with 851 nm is also
computed as 10−7 whereas for Channel 4, which is transmitted by
using HG 00 mode, it is computed as 10−5. This shows that all the

FIGURE 5 | Measurement of BER (A) low fog (B) medium fog (C) heavy fog.
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channels are transmitted successfully over 1,200 m Ro-FSO link
with acceptable BER (≤ 10−3).

After that, the proposed MDM-Ro-FSO link is operated under
the influence of different fog conditions that is low, medium and
high. For low fog conditions, the value of atmospheric attenuation
is considered as 12 dB/km whereas for medium fog conditions it
is considered as 16 dB/km and for heavy fog conditions, it is
considered as 22 dB/km. Figure 5 (a), (b) and (c) show the
measurement of BER of all channels under low, medium and
heavy fog. When the Ro-FSO link is operated under low fog, the
BER value for channel 1 and 3 is computed as 10−6 whereas for
channel 2 and 4, it is measured as 10−4 at the Ro-FSO link
distance of 570 m. However, when the Ro-FSO link is operated
under medium fog, the BER value for channel 1 and 3 is
computed as 10−5 whereas for channel 2 and 4, it is measured
as 10−3 at the Ro-FSO link distance of 500 m. Similarly, when the
Ro-FSO link is operated under heavy fog, the BER value for
channel 1 and 3 is measured as 10−5 whereas for channel 2 and 4,
it is measured as 10−3 at the Ro-FSO link distance of 440 m only.

CONCLUSION

In this work, low-cost high-speed Ro-FSO system is proposed for
providing broadband services in hospital scenarios. WDM and
MDM schemes are incorporated to transmit four channels with
the capacity of 10 Gbps each up-converted to 40 GHz mm wave
over Ro-FSO link. The MDM scheme uses LG 00 and HG 00
modes whereas WDM uses 850 and 851 nm wavelengths. The
reported results indicate successful transmission of all channels.
When the RO-FSO link is operated in clear weather, all the
channels are successfully transmitted up to 1,200 m. However,

when the Ro-FSO link is operated in low, medium and heavy fog,
the transmission distance is limited to 570, 500 and 440 m,
respectively with acceptable (≤10−3). Further research of the
current work can include real-time experiments and
performance evaluation of MDM-Ro-FSO under different
atmospheric conditions.
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